Background: In the SMART study, HIV-viral-hepatitiscoinfected persons were, compared with HIV-monoinfected persons, at higher risk of non-AIDS death if randomized to the antiretroviral therapy (ART) interruption strategy. We hypothesized that a marker of liver fibrosis, hyaluronic acid (HA), would be predictive of development of non-AIDSrelated outcomes in coinfected participants in the SMART study. Methods: All participants positive for HCV RNA or hepatitis B surface antigen (HBsAg) and with stored plasma samples were included (n=675). Plasma samples were tested for HA (normal range 0-75 ng/ml) at baseline and months 6, 12 and 24 during follow-up in the drug conservation (DC; interrupt ART until CD4 + T-cell count <250) group and the viral suppression (VS; continued use of ART) group. Time to non-AIDS death was investigated using Kaplan-Meier analysis.
The SMART study was a large randomized clinical trial that investigated continuous versus interrupted antiretroviral therapy (ART) in both HIV-monoinfected and HIV-viral-hepatitis-coinfected individuals. Overall, participants randomized to the ART interruption strategy had a 2.6-fold increased risk of the combined endpoint of opportunistic disease and all-cause mortality [1] . We have recently reported the findings of a substudy within SMART that showed that hepatitiscoinfected participants randomized to the ART interruption arm were at much higher risk of non-AIDS death, but not opportunistic diseases, than the HIVmonoinfected participants [2] . Hepatitis-coinfected individuals constituted 17% of all participants enrolled in SMART, but almost one-half of all non-AIDS deaths occurred in this population. However, factors that place the coinfected population at increased risk of non-AIDS death when interrupting ART have not been well defined.
Coinfected persons are at increased risk of hepatic fibrosis progression compared with HCV-and HBVmonoinfected persons [3, 4] . ART has been shown to be beneficial in coinfected persons in reducing the rates of progression of liver disease [5] [6] [7] . ART interruption therefore has the potential to destabilize chronic hepatitis both in the short term, through increasing hepatic inflammation, and in the long term by contributing to accelerating fibrosis and clinical outcomes. Consequently, we hypothesized that persons with higher baseline levels of hepatic fibrosis would be at particularly increased risk for development of hepatic and other non-AIDS related outcomes after treatment interruption.
Since liver biopsies were not routinely performed in the SMART study, we used plasma hyaluronic acid
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(HA) as a surrogate marker of liver fibrosis. HA is a glycosaminoglycan, which is produced by different connective tissue cells. In the liver, HA is mostly synthesized by hepatic stellate cells and cleared from the circulation by the hepatic sinusoids. The level of HA has been correlated with the stage of liver fibrosis in both HBV [8, 9] and HCV monoinfection [10] as well as in HIV-HBV and HIV-HCV coinfection [11] [12] [13] . HA has also been predictive for the development of hepatic complications in patients with HCV-related cirrhosis [14] and HIVviral-hepatitis coinfection [15, 16] . While HA has been comparable with other surrogate markers, such as APRI in predicting fibrosis level and outcomes, an additional benefit of using HA over other non-invasive surrogate markers is that it does not include platelet counts, which may be unduly influenced by treatment interruption.
The unique design of the SMART study further enabled us to investigate the influence of treatment interruption, CD4 + T-cell count and HIV RNA on liver fibrosis progression in both hepatitis-coinfected persons and in matched HIV-monoinfected controls by measuring changes in HA during follow-up. We hypothesized that fibrosis, as measured by HA level, would increase in participants interrupting ART as compared with those continuing ART, in hepatitiscoinfected, but not HIV-monoinfected, individuals.
Methods

Participants and study design
The design and data collection methods of the SMART trial have previously been reported. Briefly, the SMART study was a randomized clinical trial that compared two antiretroviral treatment strategies in a cohort of participants >13 years of age with confirmed HIV-1 infection and CD4 + T-cell counts >350 cells/µl at the time of screening. The participants were randomized to either the drug conservation (DC) strategy, where participants deferred ART until the CD4 + T-cell count decreased to <250 cells/µl. ART was initiated or resumed until the CD4 + T-cell count reached 350 cells/µl and then suspended again. Cycles of ART were based on those CD4 + T-cell counts or the presence of HIV-related symptoms or if the percentage of CD4 + T-lymphocytes dropped below 15%. The other study group was viral suppression (VS), and stipulated that participants in that group should initiate or continue ART in an uninterrupted manner with the goal of maximal VS. The choice of antiretroviral agents and combinations in both groups was based on clinician/participant preference. The primary endpoint of the SMART study was the composite outcome of development of a new or recurrent opportunistic disease or death from any cause, and the secondary endpoint was a composite of major cardiovascular, renal and hepatic diseases (cirrhosis with or without hepatic decompensation). Because of safety risk in the DC group, all SMART participants randomized to this group (except those who had remained ARTnaive) were advised to restart ART in January 2006. All participants were then followed for an additional 18 months [17] . This study includes data through the end of follow-up.
Hepatitis status
Screening for hepatitis B and C in the SMART study has been described [2] . All participants had been investigated for serological evidence of hepatitis B or C infection and participants positive for anti-HCV antibodies had baseline plasma samples analysed for HCV RNA in a central laboratory, using a branched DNA assay (Versant HCV RNA 3.0; Bayer Diagnostics, Leverkusen, Germany) with a lower level of detection of 615 IU/ml. All participants positive at baseline for HCV RNA (HCV-positive) and/or HBsAg (HBVpositive) and with available plasma samples were included in the study.
Controls
A control group of HIV-monoinfected participants matched 1:1 on randomization date (±6 months), gender, age (±5 years), treatment group (DC versus VS), history of alcohol abuse and number of follow-up plasma samples available (controls ≥ cases), was included. We were unable to match on the above criteria for 11 out of the 677 cases. For these, randomization date criteria were removed and age criteria were expanded to ±12 years.
Hyaluronic acid
HA was measured in stored plasma samples at baseline and at months 6, 12 (coinfected only) and 24 during follow-up using a commercial enzyme-linked binding protein assay (Corgenix, Broomfield, CO, USA) with a HA range in a healthy population between 0-75 ng/ ml. In statistical analyses 75 ng/ml was chosen a priori as cutoff for baseline HA patient categories. Each HA level was measured in duplicate according to the manufacturer's specifications.
Data collection and follow up
Prior to randomization, the following participant information was collected: ART history, nadir CD4 + T-cell count and highest viral load, three previous laboratory results for CD4 + T-cell count, and percentage and HIV viral load. Participants were seen at 1 month and every 2 months during year 1 and every 4 months in year 2 onward. Alanine aminotransferase, aspartate aminotransferase and platelet levels were not collected routinely in all participants and therefore could not be used for constructing surrogate markers for comparative purposes with HA. Liver biopsies were only performed at the discretion of the treating physician.
Statistical analysis
Baseline characteristics were compared between coinfected and monoinfected controls using Pearson χ 2 test for categorical variables and Wilcoxon rank-sum test for continuous variables. Risk of events at 36 months was estimated using Kaplan-Meier methods. Time to event methods (Kaplan-Meier survival curves, log-rank tests and Cox proportional hazards models) were used to compare event rates between treatment groups and baseline HA categories (>75 ng/ml versus ≤75 ng/ml). To determine whether the DC versus VS hazard ratios for events varied by baseline HA category, expanded Cox models with interaction terms were considered. Cox models were also carried out to examine predictors for events, including treatment group, baseline HA categories, age, gender, race, prior AIDS, baseline RNA, baseline CD4 + T-cell count, nadir CD4 + T-cell count, baseline ART status, history of alcohol abuse and HBV-positive status. Additionally, stepwise Cox models were performed including only treatment group, baseline HA level, age, time-updated CD4 + T-cell count and time-updated HA level. Changes in HA level were compared between DC and VS groups using the Wilcoxon rank-sum test.
Results
Baseline characteristics
Out of 5,472 participants enrolled in the SMART study from January 2002 to January 2006, 675 were HBVpositive or HCV-positive and had specimens available for analysis. Overall, 110 (16.3%) were HBV-positive, 553 (81.9%) were HCV-positive and 12 (1.8%) were both HBV-and HCV-positive. Table 1 shows the baseline characteristics of the coinfected participants and their matched HIV-monoinfected controls according to randomization group. Compared with the controls, the coinfected group was more likely to be of black race (48.4 versus 34.1%) and less likely to be ART-naive (2.4 versus 4.3%) and on treatment with ART (79.3 versus 85.8%), and had a longer median time since initiation of ART (7 versus 6 years). For the coinfected individuals the median (IQR) baseline CD4 + T-cell count was 580 cells/µl (460-736), while the proportion of individuals with suppressed HIV RNA (≤400 copies/ml) was 64.1%. The corresponding numbers were not significantly different in the HIV-monoinfected controls. For the remaining baseline parameters, the two groups were also similar.
Changes in CD4
+ T-cell and HIV RNA levels
The median follow-up was 33 months for the coinfected group and 35 months for the controls. For coinfected .3% of the coinfected participants had HIV RNA≤400 copies/ml in the DC and VS groups, respectively. The CD4 + T-cell counts and proportion of individuals with HIV RNA≤400 copies/ml during follow-up were similar when comparing the coinfected group with the HIV-monoinfected controls (The SMART Study Group, data not shown).
Clinical outcomes
Among coinfected participants, 52 (31 in DC and 21 in VS) died from non-AIDS causes. A breakdown of the causes of death according to randomized treatment group and by baseline HA level is shown in Table 2 . Of note, a wide range of causes of death were observed even among those with increased baseline levels of HA, suggesting that excess mortality in this group was not simply a result of hepatic failure alone. In total, 29 participants (24 in DC and 5 in VS) developed an opportunistic disease, 21 (15 in DC and 6 in VS) developed a major liver event (17 cirrhosis and 4 liver-related deaths), 7 developed renal events (5 in DC and 2 in VS), 21 developed cardiovascular disease (13 in DC and 8 in VS) and 21 developed non-AIDS cancer (11 in DC and 10 in VS).
The vast majority of events occurred among HCVcoinfected participants. Only three non-AIDS deaths (none which were liver related) and one liver event occurred among HBV-coinfected participants indicating that hepatic flares from interrupting HBV active ART were not contributory to the excess mortality observed.
Only 12 (7 in DC and 5 in VS) HIV-monoinfected participants died from non-AIDS causes, while 27 (18 in DC and 9 in VS) developed an opportunistic disease and none developed a major liver event.
HA as a predictor of development of clinical events in coinfected participants For the 52 coinfected individuals who died from non-AIDS causes, the median baseline (IQR) HA level was 54.7 ng/ml (29.4-161.0). The group with baseline HA level >75 ng/ml who were randomized to the DC group had a cumulative risk of non-AIDS death of 24.6% after 36 months of follow-up (95% CI 14.2-40.6) compared with a risk of only 9.3% (95% CI 3.9-21.3) for participants randomized to the VS group with a baseline HA level >75 ng/ml (P=0.005). For participants with a baseline HA level ≤75 ng/ml, the cumulative risk of non-AIDS death was far lower at 4.1% (95% CI 2.3-7.3) and 4.7% (95% CI 2.6-8.6) when randomized to the DC and VS group, respectively (P=0.76; Figure 1 ). The DC/VS hazard ratio (HR) for non-AIDS death in coinfected participants with a baseline HA level >75 ng/ml was 3.8 (95% CI 1.4-10.6; P=0.009), while for those with HA level ≤75 ng/ml it was 0.9 (95% CI 0.4-1.8; P=0.76). The P-value for the interaction was 0.02.
The cumulative risk of experiencing a liver-related event (liver-related death or cirrhosis) when randomized to the DC group with a baseline HA level >75 ng/ml was 17.3% after 36 months of follow-up (95% CI 8.0-35.1), while it was 4.8% (95% CI 1.6-14.3) for individuals in the VS group with baseline HA >75 ng/ml (P=0.06). For individuals with baseline HA ≤75 ng/ml, the cumulative risk of a liver-related event were 1.8% (95% CI 0.6-4.8) and 1.4% (95% CI 0.5-4.3) when randomized to the DC and VS group, respectively (P=0.24; Figure 2 ). For liver events the DC/VS hazard ratio in coinfected participants with a baseline HA level >75 ng/ml was 3.3 (95% CI 0.9-12.6; P=0.08), while for those with HA level ≤75 ng/ ml it was 2.2 (95% CI 0.6-8.5; P=0.26). The P-value for interaction was 0.63. The cumulative risks of developing non-AIDS cancer, a major cardiovascular event or opportunistic disease did not differ significantly when stratified according to baseline HA level and randomization group (The SMART Study Group, data not shown).
Predictors of time to clinical events in coinfected participants
In an analysis where baseline HA was modelled as a dichotomous variable, HA (>75 versus ≤75 ng/ml) was the only significant predictor of time to non-AIDS death (HR 2.6, 95% CI 1.5-4.7; P=0.001; Figure 3 ). HA (together with treatment group and age per 10 years older) was also a significant predictor of time to a major liver-related event (HR 4.7, 95% CI 1.9-11.5; P=0.0008), but not opportunistic disease.
In a stepwise multivariate regression model using stepping criterion of 0.05, time-updated HA remained in the model for both time to non-AIDS death and time to a major liver-related event. HRs for latest HA (>75 versus ≤75 ng/ml) were 2.9 (95% CI 1.7-5.1; P=0.0002) and 7.5 (95% CI 2.9-19.5; P<0.0001), respectively.
Changes in hyaluronic acid levels during follow-up
By month 6 the DC group had a significant increase in median (IQR) HA level from baseline compared with the VS group (10.1 ng/ml [-5.9- Figure 1 . Cumulative probability of non-AIDS death according to randomization group and baseline hyaluronic acid level in coinfected participants change at 6 months was similar 10.3 (-5.2-26.7) for DC versus 5.5 ng/ml (-10.2-26.9) for VS (P=0.14). The difference at month 6 remained significant when censoring participants in the DC group after the first ART re-initiation (P=0.01) and remained borderline significant (P=0.057) when excluding HBV-positive status. In the HBV-positive group alone there were no differences in change in HA levels between DC and VS during follow-up (The SMART Study Group, data not shown).
Compared with the coinfected participants, the median HA levels were considerably lower in HIVmonoinfected controls at all time points, with no significant differences between the DC and VS groups. The median (IQR) HA baseline levels were 18.8 ng/ml (11.0-30.2) and 18.9 ng/ml (11.8-29.7; P=0.88) for the DC and VS groups, respectively. Only 3.2% in DC and 1.5% in VS had a baseline HA level >75 ng/ml. The increase from baseline to month 24 in median (IQR) HA level was only 3.4 ng/ml (-5.6-12.9) in the DC group and 3.1 ng/ml (-3.8-14.2) in the VS group (P=0.26).
Discussion
In the SMART study, we have previously shown that, compared with HIV-monoinfected participants, viralhepatitis-coinfected participants were at much higher risk of non-AIDS death, but not opportunistic disease, when randomized to the ART interruption arm. However, we could not identify factors that placed the coinfected population at increased risk of non-AIDS death when interrupting ART [2] .
In clinical practice, as well as in clinical trials, except in cases of established cirrhosis, the degree of hepatic impairment present in coinfected persons is seldom known, as liver biopsies and other noninvasive evaluations such as FibroScan are not routinely performed in most centres. As this was also the case in the SMART study, we instead investigated liver impairment as a risk factor for clinical events in patients interrupting ART by using plasma HA as a surrogate marker of liver fibrosis. Months from randomization Number at risk: DC group, HA>75 ng/ml DC group, HA≤75 ng/ml VS group, HA>75 ng/ml VS group, HA≤75 ng/ml
Percentage on ART: DC group VS group Figure 2 . Cumulative probability of liver-related death or development of cirrhosis according to randomization group and baseline hyaluronic acid level in coinfected participants
Having a baseline HA above the upper level of normal (>75 ng/ml) was a surprisingly strong risk factor for development of non-AIDS death for coinfected participants in the DC group. Those randomized to the DC group with an increased baseline HA level had a 24.6% risk of non-AIDS death after 36 months of follow-up, whereas the risk of non-AIDS death in the DC group with baseline HA<75 ng/ml was only 4.1%. In the VS group the risk was similarly low and independent of baseline HA level. Similar trends, though less striking, were seen for the liver-related outcomes (cirrhosis and liver-related death) although the numbers of these events were smaller. Since the majority of non-AIDS deaths were believed not to be liver-related, this strong association is particularly intriguing.
Although patients are no longer likely to be counselled to interrupt ART, in clinical practice, they will continue to do so for a variety of reasons. The strong association observed between the degree of liver fibrosis and risk for clinical events suggests that an evaluation of fibrosis stage is warranted in coinfected persons so to be able to counsel these patients about their risk of interrupting treatment and to select those for closer monitoring when interruptions occur. Additionally, our results suggest that continuous ART among coinfected persons with advanced fibrosis is an important strategy for preventing death from a variety of non-AIDS causes.
The pathogenic mechanisms are, however, not clear. Advanced liver fibrosis has been shown to be associated with endotoxemia and both higher plasma levels of proinflammatory cytokines (such as tumour necrosis factor-α and interleukin-6) and low-grade disseminated intravascular coagulation with increased levels of D-dimer and other markers of coagulation and fibrinolysis [18, 19] . In another substudy of SMART, increased baseline levels of both interleukin-6 and D-dimer were found to be strongly related to all-cause mortality. Levels of both markers also increased significantly from study entry to month 1 in a random sample of DC group participants compared with the VS group [20] . It is therefore plausible that ART interruptions could exacerbate the underlying proinflammatory and hypercoagulable state associated with advanced liver disease and initiate or accelerate multiple pathogenic processes and contribute to the increased risk of non-AIDS death seen in the DC group of the SMART study. In future studies we plan to further explore these potential associations.
Since the excess mortality seen in the coinfected population randomized to the ART interruption strategy was not entirely due to liver disease, it is uncertain whether episodic ART, compared with continuous ART in the SMART study, increased the progression of liver fibrosis in hepatitis-coinfected individuals. Observational studies have shown that the rate of liver fibrosis progression is accelerated in persons coinfected with HIV and HBV or HCV compared with HIV-monoinfected persons, and the rate of progression has been correlated with lower CD4 + T-cell counts, suggesting that impaired immunity related to HIV may be contributory [7] . In order to indirectly investigate this relationship, we measured changes in HA during follow-up and used a matched HIV-monoinfected control group. Coinfected participants had higher levels of HA at baseline and during follow-up than the HIV-monoinfected control group. For the coinfected participants, the change in median HA from baseline to month 24 was only 8.3 ng/ml and 4.7 ng/ml in the DC and VS group, respectively. The small statistically significant difference in HA level between coinfected participants in the DC and VS groups observed only at month 6 is unlikely to reflect any difference in fibrosis development, but could reflect an acute inflammatory reaction after interrupting ART or could have been a chance finding. It is also possible that any changes in HA over time were mitigated by cycles of re-initiation of ART in participants randomized to the DC arm. Overall our findings suggest that progression of liver fibrosis in most coinfected individuals is fairly slow and not influenced by the differences in ART exposure and CD4 + T-cell count and HIV viral load in the two randomization groups over the relatively short period of observation.
This study has some limitations. The difference between the DC and VS in absolute number of non-AIDS deaths, although statistically significant, was only 10. Although all end points have been rigorously ascertained by an independent endpoint review committee, the cause of death could not be determined in ten and three cases in the DC and VS groups, respectively, which could have led us to underestimate the number of liver-related deaths.
Furthermore, plasma HA has been shown to increase after food intake with concentrations peaking 75-90 min post-prandially [21, 22] . As participants in the SMART study were not required to be fasting before blood was drawn, this effect might to some extent explain the fluctuations in HA over time we saw in some individuals, but due to the randomized design of the SMART study this and other confounders should not affect the overall conclusions. Unfortunately we were not able to compare HA with other simple indices of fibrosis like APRI and FIB-4 since liver enzymes were not routinely collected from all participants. Lastly, we were not able to assess the cumulative risk of non-AIDS death in the control group since only 16 HIV-monoinfected participants had a baseline HA>75 ng/ml.
In conclusion, whereas the SMART study showed that ART interruptions in general are harmful due to increased risk of opportunistic disease and all-cause death, we have now shown that treatment interruption carries a very serious risk of non-AIDS death for HIV-hepatitis-coinfected individuals with advanced fibrosis (as measured by an increased HA). However, in most coinfected individuals progression of liver disease seems to be slow and not influenced by differences in ART exposure or CD4 + T-cell counts and HIV viral loads observed over the relatively short period of follow-up in the SMART study.
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